PCT 


WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 



INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 


(51) International Patent Classification 6 : 
GOU 5/00, C23C 16/52 


Al 


(11) International Publication Number: WO 96757763 

(43) International Publication Date: 28 November 1996 (28.1 1.96) 


(21) International Application Number: PCT/US96706627 

(22) International Filing Date: 9 May 1996 (09.05.96) 


(30) Priority Data: 
08/451,789 


26 May 1995 (26.05.95) 


US 


(71) Applicant: MATTSON TECHNOLOGY, INC. [US/US]; 3550 

West Warren Avenue, Fremont, CA 94538 (US). 

(72) Inventors: JOHNSGARD, Kristian, E.; 13560 Indian Rock 

Way, Los Gates, CA 95030 (US). McDIARMTD, James; 
4210 Remfllard Court, Pleasanton, CA 94566 (US). 

(74) Agent: MURPHY, Michael, J.; Wilson, Sonsini, Goodrich & 
Rosati, 650 Page Mill Road, Palo Alto, CA 94304-1050 
(US). 


(81) Designated States: JP, KR. SG, European patent (AT, BE, CH, 
DE, DK, ES, PL. FR, GB, OR. IE, IT, LU. MC, NL, PT, 
SE). 


Published 

With international search report 


(54) Title: SEMICONDUCTOR SUBSTRATE PROCESSING SYSTEM AND METHOD PROVIDING SHIELDED OPTICAL PYROM- 
ETRY 



(57) Abstract 

System and method for determining thermal characteristics, such as temperature, temperature uniformity and emissivity, during 
thermal processing using shielded pyrometry. The surface of a semiconductor substrate is shielded to prevent interference from extrinsic 
light from radiant heating sources and to form an effective black-body cavity. An optical sensor is positioned to sense emitted light in the 
cavity for pyrometry. The effective emissivity of the cavity approaches unity independent of the semiconductor substrate material which 
simplifies temperature calculation. The shield may be used to prevent undesired backside deposition. Multiple sensors may be used to 
detect temperature differences across the substrate and in response heaters may be adjusted to enhance temperature uniformity. 


FOR TUB PURPOSES OF INFORMATION ONLY 


Codes used to identify States patty to the PCT on the front pages of pamphlets publishing international 
applications under die PCT. 


AM 

Armenia 

GB 

United Kingdom 

MW 

Malawi 

AT 

Austria 

GE 

Georgia 

MX 

Mexico 

AU 

Australia 

GN 

Guinea 

NE 

Niger 

BB 

Barbados 

GR 

Greece 

NL 

Helbciiipds 

BE 

Belgium 

HI! 

Hungary 

NO 

Norway 

B7 

Burkina Peso 

IK 

Ireland 

NZ 

New Zealand 

BG 

Bulgaria 

IT 

HaTy 

PL 

Poland 

BJ 

Benin 

IP 

Japan 

FT 

Faxtogal 

BR 

Brazil 

KE 

Kenya 

RO 

Rornitntft 

BY 

Behma 

KG 

Kyrgjrstan 

RU 

Russian Federation 

CA 

Canada 

KP 

Democratic People's Repubhc 

SD 

Sudan 

CF 

Central African Republic 


of Korea 

8E 

Sweden 

CG 

Congo 

KR 

Republic of Korea 

SG 

Singapore 

CH 

Switzerland 

KZ 

Kazakbstan 

SI 

Slovenia 

a 

Cote d'lvoirt 

LI 

Liechtenstein 

SK 

Slovakia 

CM 

Cameroon 

UC 

Sri Lanka 

SN 

Senega] 

cn- 


LR 

Liberia 

sz 

Swaziland 

cs 

Czechoslovakia 

LT 

Lithuania 

TD 

Chad 

CZ 

Czech Republic 

LU 

Luxembourg 

TG 

Togo 

DE 

Germany 

LV 

Latvia 

TJ 

TajftistBn 

DK 

Denmark 

MC 

Monaco 

TT 

Trinidad and Tobago 

EE 

Estonia 

MD 

Republic of Moldova 

UA 

Ukraine 

ES 

Spain 

MG 

Madagascar 

UG 

Uganda 

n 

Finland 

ML 

Mali 

US 

United Stales of America 

FR 

Prance 

MN 

Mangolia 

uz 

Uzbekistan 

GA 

Gabon 

MR 

Mauritania 

VN 

Viet Nam 


WO 96/37763 


PCT7US96/06627 


SEMICONDUCTOR SUBSTRATE PROCESSING SYSTEM AND METHOD 
PROVIDING SHIELDED OPTICAL PYROMETRY 


BACKGROUND OF THE INVENTION 


1. Field of the Invention 

The field of the present invention relates in general to semiconductor processing. 
More particularly, the field of the invention relates to a system and method for detecting 
and measuring semiconductor substrate properties, such as temperature, temperature 
5 uniformity, and emissivity, using optical pyrometry. 

2. Background 

In rapid thermal processing (RTP) of semiconductor device materials (such as a 
semiconductor wafer or other substrate), one of the critical process parameters is 
temperature. Repeatable, precise, and process-independent measurements of the wafer 

10 temperature are among the most important requirements of semiconductor processing 
equipment (such as RTP) in integrated circuit manufacturing. 

Contact temperature sensors, such as thermocouples and thermistors, are 
commonly used to measure temperature. However, these sensors are not well-suited to 
many wafer processing environments. Such temperature sensors typically must be 

1 5 placed in contact with a wafer which may affect the uniformity of heating and expose the 
wafer to contaminants under certain conditions. In addition, it is difficult to achieve 
repeatable temperature measurement conditions due to inconsistent contact areas and 
other variations in heat transfer to the sensor. 

As a result, noninvasive temperature measurement techniques, such as optical 

20 pyrometry, have been used in many RTP systems. Unlike temperature measurement 

using contact sensors, such as thermocouples and thermistors, temperature measurement 
using optical pyrometry does not require contact with the wafer and as a result does not 
expose the wafer to metallic contaminants during processing. Optical pyrometers may 
determine temperature based upon optical electromagnetic radiation (hereinafter "light") 

25 emitted from an object. Optical pyrometers typically use a high temperature optical 
fiber, light pipe, lens, or other light collecting device to transmit light to a light sensitive 
device that measures the flux density or intensity of the light emitted by the object. See, 
e.g., U.S. Patent 4,859,079 to Wickerstein et al. and U.S. Patents 4,750,139 and 
4,845,647 to Dils et al., each of which is incorporated herein by reference. The 
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temperature is then determined using Planck's equation which defines the relationship 
between the temperature of an object, the flux density of light being emitted from that 
object, and the light emitting characteristics of the object's surface (emissivity). 

The advantages of optical pyrometry for RTP include its noninvasive nature and 
5 relatively fast measurement speed which is. critical in controlling the rapid heating and 
cooling in RTP. However, accurate optical temperature measurement using pyrometry 
depends upon the accurate measurement of the flux density of light emitted from the 
wafer and upon the wafer's light emitting characteristics or emissivity. Emissivity is 
typically wafer dependent and depends on a range of parameters, including temperature, 

10 chamber reflectivity, the wafer material (including dopant concentration), surface 

roughness, and surface layers (including the type and thickness of sub-layers), and will 
change dynamically during processing as layers grow on the surface of the wafer. 

Among other things, the emissivity of a semiconductor wafer depends upon the 
wavelength of light that is being measured. Figure 1 is a graph of emissivity as a 

15 function of wavelength and temperature for a pure silicon wafer. As shown in Figure 1, 
emissivity is temperature dependent and may vary greatly at wavelengths greater than 
the absorption band of silicon, which is slightly less than one and two tenths (1 .2) 
micrometers. The effects of emissivity with respect to temperature on optical pyrometry 
for silicon can be minimized by using a sensor with maximum sensitivity within a range 

20 of about eight tenths (0.8) to about one and one tenth (1.1) micrometers wavelength, as 
indicated at 100 in Figure 1. See also U.S. Patent 5,166,080 to Schietinger et al. which 
is incorporated herein by reference. However, the wavelength/emissivity characteristic 
of a wafer will differ for doped silicon and other semiconductor materials such as 
gallium arsenide. In addition, the emissivity of a given wafer will typically change during 

25 processing as materials, such as silicon dioxide, are deposited on the wafer surface. 
Therefore, it is very difficult to control the effects of emissivity on temperature 
measurement based solely upon the wavelength of light that is used for pyrometry. 

A short wavelength less than one (1) micrometer is often preferred for optical 
pyrometry since it provides certain benefits. For instance, a short wavelength improves 

30 the sensitivity of the temperature measurement which is based on Planck black-body 

emission. Sensitivity is defined as the fractional change in radiance per fractional change 
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in temperature and from the equations for Planck black-body emission it can be shown 
that sensitivity is inversely proportional to wavelength. Therefore, shorter wavelengths 
are preferred for improved sensitivity in temperature measurement. 

However, the ability to use a short wavelength of light in optical pyrometry is 
5 severely limited in many conventional rapid thermal processors due to interference from 
radiant energy heating sources. The heat needed for RTP is typically provided by a 
heating lamp module which consists of high intensity lamps (usually tungsten-halogen 
lamps or arc lamps). Figure 2 illustrates a conventional RTP processing chamber, 
generally indicated at 200, using two banks of heating lamps 202 and 203 to heat a 
10 semiconductor wafer 204 through optical windows 206 and 207. An optical pyrometer 
208 may be used to measure the wafer temperature by detecting the flux density of light 
within cone of vision 210. However, most radiant energy heating sources, including 
tungsten filament and arc lamp systems, provide their peak energy intensity at a 
wavelength of about one micrometer which interferes with optical pyrometer 208. 
15 Optical pyrometer 208 will detect light reflected off of wafer 204 from heating lamps 
202 and 203 as well as light emitted from the wafer. This reflected lamp light 
erroneously augments the measured intensity of light emitted from the wafer surface and 
results in inaccurate temperature measurement. 

Therefore, some conventional systems have used a longer wavelength of light to 
20 measure temperature so that the spectral distribution of the heating lamps has minimal 
overlap with the pyrometer's operating spectral band or wavelength. However, 
measuring the intensity of emitted light at a longer wavelength to reduce interference 
can lead to similar interference problems from light emitted by hot chamber surfaces 
which, at longer wavelengths, becomes significant enough to cause errors in the 
25 measured light intensity. For instance, quartz, which is typically used in RTP processing 
chambers, re-emits light predominantly at longer wavelengths (typically greater than 3.5 
micrometers). An alternative approach is to measure and compensate for reflected light. 
Two optical pyrometers may be used — one for measuring the light from the lamps and 
one for measuring the light from the wafer. The strength of the characteristic AC ripple 
30 in light emanated from the lamp can be compared to the strength of the AC ripple 

reflected from the wafer to determine the wafer's reflectivity. This, in turn, can be used 
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to essentially subtract out reflected light in order to isolate the emitted light from the 
wafer for determining temperature using Planck's equation. See, e.g., U.S. Patent 
5,166,080 to Schietinger et al. However, such systems may require complex circuitry to 
isolate the AC ripple and perform the calculations that effectively eliminate reflected 
5 light. Such systems also require an additional light pipe and other components. 

Figure 3A illustrates an RTP processing chamber, generally indicated at 300, 
with a single set of heating lamps 302 for heating wafer 304. Typically, wafer 304 is 
supported by low thermal mass pins (not shown) . An optical pyrometer 308 may be 
placed behind the wafer opposite the heating lamps 302. This reduces, but does not 

10 eliminate, the interference from lamps 302. In addition, wafer 304 may remain at least 
partially transparent to lamp radiation in the infrared region (beyond l.S micrometers) at 
lower wafer temperatures (below 600"C) so pyrometer 308 may still be affected by lamp 
radiation or radiation re-emitted from quartz that is transmitted through wafer 304. 
Figure 4 is a graph of silicon wafer transmission as a function of wavelength at a 

15 temperature of twenty five degrees Celsius (25 °C). As can be seen, silicon transmission 
is greatly reduced for wavelengths less than about one and two hundredths (1.02) 
micrometers. Therefore, transmission problems can be substantially eliminated by using 
short wavelengths (which also provide advantages for emissivity and sensitivity as 
described above), but interference from heating lamps 302 is also greatest at such 

20 wavelengths. 

Figure 3B illustrates an alternative single-sided lamp RTP processing chamber, 
generally indicated at 350. This processing chamber 350 includes a backside shield 352 
for preventing deposition on the backside of wafer 354. This is desirable in many 
processing applications including chemical vapor deposition (CVD). In contrast, 

25 systems that use only low thermal mass pins to support the wafer allow material to be 
deposited everywhere on the wafer, including the backside which is exposed. 
Preventing such backside deposition usually simplifies the overall semiconductor device 
fabrication process. As shown in Figure 3B, such systems may use an optical pyrometer 
356 aimed at the backside shield to measure the approximate wafer temperature. While 

30 the shield eliminates wafer transmission problems, it also reduces the accuracy of 
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temperature measurement since it is the temperature of the shield, and not the wafer, 
that is actually being measured. 

For both double-sided and single-sided lamp RTP systems, additional problems 
may be introduced if the optical pyrometer samples emitted light through a window or 
5 lens that is exposed to the processing chamber. During certain processes, deposits may 
form on the window or lens which inhibit the transmission of light to the optical 
pyrometer. The optical pyrometer will sense less light due to the deposits and produce a 
temperature measurement that is lower than the actual temperature of the wafer. This 
may cause the lamp control system to erroneously increase the heat provided to the 

1 0 chamber to compensate for the falsely detected low temperature measurement. As the 
heat is increased, deposits may accelerate leading to thermal runaway conditions. 

Another approach to compensating for the effects of emissivity on temperature 
measurement is to use a reflective cavity. A processing chamber may be designed to 
reflect emitted light from remote, highly reflective walls. The emitted light is radiated 

1 5 diffusely and reflected over the entire wafer numerous times. The effective emissivity of 
the wafer in such a system is determined by integrating the reflected light intensity over 
the wafer surface. By using a high aspect ratio for the reflective cavity, the effective 
emissivity of a wafer is increased toward unity which helps eliminate the effects of 
edges, device patterns on the wafer, and backside roughness. However, such an 

20 approach restricts chamber geometry and may not be practical in cold wall RTP 

chambers. The reflective cavity approach typically treats the wafer as an extension of 
the chamber wall. However, a wafer should not make contact with, or be too closely 
spaced to, a cold wall in RTP systems to avoid uneven cooling at the wafer edges. 
Further, reflective Avails may interfere with rapid cooling in RTP systems which may 

25 require walls that rapidly absorb energy rather than reflect it. In addition, deposits may 
form on reflective walls during some processes which may diminish reflectivity and 
thereby introduce error into the temperature measurement. 

Another approach is to place a small black-body enclosure around the tip of an 
optical sensor. The black-body enclosure heats up to the approximate temperature of 

30 the surrounding environment and emits light into the optical sensor that is proportional 
to the temperature of the black-body enclosure. However, such an approach measures 
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the temperature of the black-body emitter and not the wafer. As with thermocouples, 
such an approach typically requires that the temperature sensor be placed in contact with 
the wafer, and repeatable accurate temperature measurements are difficult to achieve 
under actual processing conditions. 
5 Yet another approach for measuring wafer temperature and compensating for 

emissivity uses an infrared laser source that directs light into a beam splitter. From the 
beam splitter, the coherent light beam is split into numerous incident beams which travel 
to the wafer surface via optical fiber bundles. The optical fiber bundles also collect the 
reflected coherent light beams as well as radiated energy from the wafer. In low 

10 temperature applications, transmitted energy may be collected and measured as well. 
The collected light is then divided into separate components from which radiance, 
emissivity, and temperature may be calculated. See, e.g., U.S. Patent 5,156,461 to 
Moslehi et al. It is a disadvantage of such systems that a laser and other complex 
components are required. Such systems, however, are advantageous because they may 

1 5 provide measurements of wafer temperature at multiple points along the wafer surface 
which may be useful for detecting and compensating for temperature nonuniformities. 

Advanced fabrication processes demand uniform temperature across the wafer 
with gradients preferably less than plus or minus two degrees Celsius (±2°C) to provide 
for uniform processing and to avoid thermal induced stress which may cause crystal slip 

20 in the wafer. However, RTP typically requires low thermal mass to allow for rapid 

heating and cooling. Such systems use a cold-wall furnace with radiant energy sources 
to selectively heat the wafer. While this allows rapid heating and cooling, the 
temperature uniformity becomes sensitive to the uniformity of the optical energy 
absorption as well as the radiative and convective heat losses of the wafer. Wafer 

25 temperature non-uniformities usually appear near wafer edges because radiative heat 
losses are greatest at the edges. During RTP the wafer edges may, at times, be several 
degrees (or even tens of degrees) cooler than the center of the wafer. The temperature 
nonuniformity may produce crystal slip lines on the wafer (particularly near the edge). 
Slip lines are collections of dislocations in the crystal lattice structure of the silicon 

30 caused by unequal movement of atomic planes due to thermally induced stress. This 
may result in the formation of electrically active defects which degrade the circuitry and 
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decrease yield. Therefore, a system for detecting and correcting temperature differences 
across the wafer is often required. In particular, accurate, multi-point optical pyrometry 
is desirable for detecting temperature differences which can then be corrected. 

Correction or compensation for temperature nonuniformities has been provided 
5 using several techniques. One approach is to use a multi-zone lamp system arranged in a 
plurality of concentric circles. The lamp energy may be adjusted to compensate for 
temperature differences detected using multi-point optical pyrometry. However, such 
systems often require complex and expensive lamp systems with separate temperature 
controls for each zone of lamps. Another approach has been to place a ring of material 

10 (such as silicon or the like) around, and in contact with, the periphery of the wafer. The 
ring provides extra thermal insulation to retain heat at the periphery of the wafer, but 
typically does not offer sufficient flexibility over a wide range of temperatures. 

What is needed is an RTP processing chamber with an accurate optical 
pyrometry system for measuring semiconductor substrate temperature. Preferably such 

15 a system would provide optical pyrometry at short wavelengths without interference 
from direct lamp light or reflected or re-emitted light from chamber surfaces. Further, 
such a system would preferably be emissivity insensitive to allow accurate temperature 
measurement in a variety of processes using different semiconductor materials, dopants, 
and layers and would not require complex emissivity and reflectivity measurement and 

20 compensation systems as do many conventional approaches. In addition, such a system 
would preferably allow an optical pyrometer to measure the intensity of emitted light 
without interference from coatings or other obstructions on windows which may lead to 
thermal runaway conditions. 

What is also needed is an RTP processing system and method for preventing 

25 undesired backside deposition. Preferably, such a system would prevent backside 
deposition on a semiconductor substrate while still allowing direct multi-point 
temperature measurement. What is also needed is a system and method for detecting 
and correcting temperature differences across a semiconductor substrate due to edge 
losses without requiring complex multi-zone lamp systems. Preferably, each of these 

30 features would be combined in a single, cost-effective RTP processing system and 
method. 
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SUMMARY OF THE INVENTION 
A first aspect of the present invention provides a semiconductor substrate 
processing system and method using shielded optical pyrometry to prevent interference 
from extrinsic light. Preferably, a shield is positioned relative to a semiconductor 
5 substrate such that a shielded region is formed between the surfaces of the substrate and 
the shield. The shield and the substrate substantially prevent reflected light within a 
given range of wavelengths from entering the region and interfering with the optical 
pyrometry. The intensity of light within the given range of wavelengths emitted by the 
semiconductor substrate into the region may then be sampled to measure substrate 

10 temperature and to detect temperature differences across the substrate surface. It is an 
advantage of these and other aspects of the present invention that interference with 
optical pyrometry due to reflected light within the processing chamber or coatings on 
the windows and walls is substantially eliminated. 

Another aspect of the present invention provide a shield and a semiconductor 

15 substrate that are substantially nontransmissive to light within the given range of 

wavelengths at processing temperatures. It is an advantage of this aspect of the present 
invention that interference with optical pyrometry due to light transmitted through the 
substrate or shield into the shielded region is substantially eliminated. 

It is a further advantage of the above aspects of the present invention that the 

20 shielded region may be formed to approximate an ideal cavity radiator under many 

processing conditions with an effective emissivity approaching unity. Thus, temperature 
may be accurately measured substantially independently of the intrinsic emissivity of the 
semiconductor substrate which may vary across materials and temperatures. It is a 
further advantage that short wavelength radiant energy heating sources may be used in 

25 conjunction with short wavelength optical pyrometry without interference from reflected 
and transmitted light. 

Another aspect of the present invention provides a shield that substantially 
prevents reactive gas (or other substances) from entering the shielded region and 
forming deposits on an optical sensor, or a window for an optical sensor, which is used 

30 to sample the intensity of emitted light within the shielded region. It is an advantage of 
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this aspect of the present invention that the intensity of light may be sampled without 
interference from deposits on an optical sensor or window for an optical pyrometer. 

Yet another aspect of the present invention provides a shield that substantially 
prevents reactive gas (or other substances) from entering the shielded region and 
5 forming deposits on semiconductor substrate surfaces within the shielded region. It is an 
advantage of this aspect of the present invention that undesired deposition on the 
backside of the semiconductor substrate may be substantially prevented. It is a further 
advantage that dynamic changes in the emissivity of the semiconductor substrate due to 
the deposition of backside layers are avoided. 

1 0 Another aspect of the present invention provides a heater and/or thermal 

insulation to compensate for temperature differences and uneven heat losses across the 
substrate surface. In particular, the heat provided by heaters, such as resistive heaters 
and lamp modules, may be adjusted to provide uniform heating in response to the 
intensity of light sampled at various points across the substrate surface. In particular, 

1 5 emitted light from the substrate may be sampled at various locations within a shielded 
region as described above. It is an advantage of these and other aspects of the present 
invention that a more uniform substrate temperature may be achieved. 

Yet another aspect of the present invention provides a shield having rotating and 
non-rotating portions. The rotating portion may be used to rotate the semiconductor 

20 substrate during processing and the non-rotating portion may be used to support an 

optical sensor that samples emitted light within the shielded region. It is an advantage of 
this aspect of the present invention that a shielded region may be used to block extrinsic 
light from interfering with optical pyrometry, while still allowing the substrate to rotate 
during processing to provide more uniform heating. Rotation of the semiconductor 

25 substrate is desired because it reduces the impact of localized heating irregularities on 
the substrate by spreading the effect of such irregularities across a circumference of the 
substrate surface. Rotation also enhances the uniformity of layers deposited on the 
substrate by evening out localized irregularities which may be caused by, among other 
things, uneven gas flow distribution across the substrate surface. 
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BRTEF DESCRIPTION OF THE DRAWTNCS 

These and other features and advantages of the present invention will become 
more apparent to those skilled in the art from the following detailed description in 
conjunction with the appended drawings in which: 
5 Figure 1 is a prior art graph with a yertical axis for emissivity, a horizontal axis 

for wavelength, and a series of plotted curves illustrating the emissivity of silicon at a 
given temperature for various wavelengths of light; 

Figure 2 is a side cross sectional view of a prior art rapid thermal processing 
chamber having heating lamps on both sides of a wafer; 
10 Figure 3 A is a side cross sectional view of a prior art rapid thermal processing 

chamber having heating lamps on the top side of a wafer, 

Figure 3B is a side cross sectional view of a prior art rapid thermal processing 
chamber having heating lamps on one side of a wafer and a shield preventing deposition 
on the other side of the wafer; 
1 5 Figure 4 is a prior art graph with a vertical axis for transmission, a horizontal 

axis for wavelength, and a plotted curve illustrating the transmission of a silicon wafer at 
twenty five degrees Celsius (25 °C) for various wavelengths of light; 

Figure 5 is a partial cross sectional view and a partial block diagram of a rapid 
thermal processing system according to a first embodiment of the present invention; 
20 Figure 6A is a side cross sectional view of a rapid thermal processing chamber 

according to the first embodiment of the present invention; 

Figure 6B is a bottom cross sectional view of a rapid thermal processing 
chamber according to the first embodiment; 

Figure 7A is a side cross sectional view of a center piece for a radiation shield 
25 according to the first embodiment; 

Figure 7B is a bottom plan view of a center piece for a radiation shield according 
to the first embodiment; 

Figure 7C is a side cross sectional view of a channel piece for a radiation shield 
according to the first embodiment; 
30 Figure 7D is a bottom plan view of a channel piece for a radiation shield 

according to the first embodiment; 
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Figure 7E is a side cross sectional view of an outer piece for a radiation shield 
according to the first embodiment; 

Figure 7F is a bottom plan view of an outer piece for a radiation shield according 
to the first embodiment; 
5 Figure 8 is a side cross sectional view of a rapid thermal processing chamber 

having a plurality of optical sensors according to an alternative embodiment of the 
present invention; 

Figure 9 is a side cross sectional view of a rapid thermal processing chamber 
with additional thermal insulation at the edge of a wafer according to an alternative 
10 embodiment of the present invention; and 

Figure 10 is a side cross sectional view of a central support and drive mechanism 
according to the first embodiment of the present invention. 

DETAILED DESCRIPTION 
One aspect of the present invention allows the temperature, temperature 
15 uniformity, and emissivity of a semiconductor substrate to be accurately detected and 
measured using optical pyrometry. The following description is presented to enable any 
person skilled in the art to make and use the invention. Descriptions of specific designs 
are provided only as examples. Various modifications to the preferred embodiment will 
be readily apparent to those skilled in the art, and the generic principles defined herein 
20 may be applied to other embodiments and applications without departing from the spirit 
and scope of the invention. Thus, the present invention is not intended to be limited to 
the embodiment shown, but is to be accorded the widest scope consistent with the 
principles and features disclosed herein. 

Referring to Figure 5, in the first embodiment, a semiconductor wafer 502 or 
25 other semiconductor substrate is placed in an RTP processing chamber 504 for 

processing. Processing chamber 504 is enclosed by walls 506. The walls 506 form 
several openings into the chamber including an inlet 508 for reactive gas (or other 
substances for forming deposits or otherwise processing the wafer), an outlet 5 10 for a 
gas exhaust system, a passage 512 forming part of a load lock mechanism for loading 
30 and unloading wafer 502, and a hole 514 through which a wafer support mechanism may 
enter chamber 504. Lamps 516 or other radiant energy heating sources radiate through 
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window 520 to heat wafer 502. A radiation shield 522 is placed adjacent to the wafer to 
form a cavity 524. During processing, radiation shield 522 and wafer 502 substantially 
block all direct and reflected light at the wavelengths used by the optical pyrometer from 
entering cavity 524. The wafer and radiation shield are preferably selected from a 
5 material that has low transmission at the wavelengths used by the optical pyrometer for 
the desired processing temperatures. Therefore, the light in the cavity at the 
wavelengths used by the optical pyrometer is substantially limited to light emitted from 
the semiconductor wafer and radiation shield. An optical sensor 526, such as a light 
pipe or optical fiber, may be introduced into cavity 524 through a small aperture to 

10 sample the emitted light. In particular, in the first embodiment light emitted at low 

wavelengths less than three and one half (3.5) micrometers (and preferably less than one 
and two tenths (1.2) micrometers) may be collected at one or more points of the wafer 
surface within the cavity and transmitted to an optical pyrometer. Direct interference 
from the lamps at these wavelengths is blocked by the radiation shield and wafer. 

1 5 The cavity formed by the radiation shield and wafer approximates an ideal black- 

body cavity radiator. An ideal cavity radiator consists of a cavity within a body where 
the walls of the cavity are held at a uniform temperature. Thermal radiation within an 
ideal cavity, called cavity radiation, has a simple spectrum whose nature is determined 
only by the temperature of the walls and not in any way by the material of the cavity, its 

20 shape, or its size. That is, the effective emissivity within an ideal cavity radiator is 
always equal to one (1). 

A black-body cavity is approximated in the first embodiment by placing radiation 
shield 522 adjacent to wafer 502 which causes the effective emissivity within cavity 524 
to approach unity substantially independently of the materials used. Thus, different 

25 semiconductor materials with different emissivity values or deposited layers may be used 
within the first embodiment without substantially affecting the accuracy of temperature 
measurements. In addition, conventional problems associated with backside roughness 
and other coatings are substantially eliminated. 

The radiation shield may also be used to prevent undesired backside deposition 

30 on a wafer surface and to prevent the emissivity of the wafer from changing due to the 
growth of layers on the backside of the wafer, which may be important to the extent that 


WO 96/37763 


PCT/DS96/06627 


-13- 

emissivity remains a factor in a system using aspects of the present invention. In 
addition, the number of layers or the thickness of the radiation shield may be varied 
along the radius of the wafer to provide varied thermal insulation to compensate for 
differences in wafer temperature due to heat losses at the periphery of the wafer. A 
5 peripheral heater 528 (such as a resistive ring heater), lamp modules, or other heater 
arranged about the periphery of the wafer may also be used to adjust for temperature 
differences in the first embodiment. 

The system of the first embodiment also includes a variety of subsystems for 
controlling rapid thermal processing including a central support and drive mechanism 

10 530, a purge gas system 532, an optical pyrometer 534, a computer system 536, and a 
heater control 538. The central support and drive mechanism 530 provides a support 
system for radiation shield 522 and optical sensor 526. The central support and drive 
mechanism 530 also provides a rotational drive for rotating the wafer during processing, 
as well as an elevational mechanism for raising and lowering the wafer for loading and 

1 5 unloading through passage 512. A purge gas system 532 introduces purge gas into the 
central support and drive mechanism 530 to prevent deposits from forming within the 
mechanism. The purge gas system 532 may use conventional gas dispersing techniques. 

Optical sensor 526 samples the intensity of light within cavity 524 and provides 
an indication of the intensity to optical pyrometer 534. This sampling may be 

20 accomplished by transmitting light from the cavity to optical pyrometer 534 or by 

providing a signal to optical pyrometer 534 which corresponds to the sampled intensity. 
Optical pyrometer 534 is coupled to a computer system 536 for calculating temperature 
and controlling the RTP process. The optical pyrometer 534 and computer system 536 
may calculate wafer temperature and, in certain embodiments, detect temperature 

25 differences across the wafer surface. Computer system 536 may then send a signal to 
heater control 538 to adjust the wafer temperature or correct for temperature 
differences. Heater control 538 then regulates the power to lamps 516 and peripheral 
heater 51 8 as indicated by computer system 536. It will be readily apparent to those 
skilled in the art that many conventional techniques may be used in optical pyrometer 

30 534, computer system 536, and heater control 538; although the more stable effective 
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emissivity of cavity 524 may be used to determine temperature rather than the wafer's 
intrinsic emissivity which may change dynamically during processing. 

Although cavity 524 provides a relatively stable effective emissivity for 
temperature measurement, the system of the first embodiment may be equipped with a 
5 calibration light source 540 which may be used to measure the intrinsic emissivity of 
wafer 502. Although the effective emissivity of cavity 524 is substantially independent 
of the intrinsic emissivity of wafer 502 at thermal equUibrium, the intrinsic emissivity 
may be used to provide minor adjustments to enhance accuracy. Such adjustments may 
be desirable during temperature ramp up and ramp down when cavity 524 may not be at 

10 thermal equilibrium and as a result may deviate from ideal cavity radiator conditions. In 
addition, a measurement of a wafer's intrinsic emissivity may be stored and used by 
other processing chambers that subsequently process the wafer. The measured intrinsic 
emissivity should remain accurate after processing by the reactor of the first 
embodiment, since the radiation shield prevents backside layers from forming which 

1 5 might otherwise alter the intrinsic emissivhy. 

The intrinsic emissivity may be calculated by projecting light of a predetermined 
intensity from the calibration light source 540 through an optical fiber onto the backside 
of wafer 502 prior to rapid thermal processing. Reflected light may be collected by the 
optical fiber and measured by optical pyrometer 534 to determine the reflectivity and in 

20 turn the intrinsic emissivity of the wafer. 

Aspects of the first embodiment provide a variety of advantages over 
conventional RTP processing and temperature measurement techniques. In the first 
embodiment, short wavelength optical pyrometry may be used without interference from 
radiant energy heating sources. Using wavelengths provides improved sensitivity in 

25 temperature measurement and also reduces interference from light transmitted through 
the wafer at low temperatures. In addition, the first embodiment allows temperature to 
be accurately measured without complex calculation of dynamic mtrinsic wafer 
emissivity. Rather, aspects of the first embodiment substantially eUminate unpredictable 
dependencies upon a wafer's mtrinsic emissivity which may vary across materials and 

30 temperature ranges and which may change as surface layers are deposited during 

processing. It is a further advantage of the first embodiment that undesired backside 
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deposition from substances in the processing chamber (which may be provided for front 
side chemical or physical vapor deposition or sputtering) may be prevented. Multi-point 
pyrometry and adjustments for temperature nonuniformities may also be included in a 
system according to the present invention as described further below. 
5 The structure and operation of an RTP system according to the first embodiment 

of the present invention will now be described in further detail. Figure 6A shows a side- 
cross sectional view of a rapid thermal processing reactor according to the first 
embodiment and Figure 6B shows a bottom cross sectional view of a rapid thermal 
processing reactor according to the first embodiment. The reactor may be a cold-walled 

10 reactor with reactor walls 506 cooled by water cooling channels 607 or some other 
cooling system A semiconductor wafer 502 is placed within the processing chamber 
504 for rapid thermal processing. In the first embodiment, wafer 502 is a 200 
millimeter silicon wafer. Wafer 502 may have materials deposited on it or be doped or 
coated with any variety of layers, including silicon dioxide, silicon nitride or the like. It 

1 5 will be readily apparent to those of ordinary skill in the art that aspects of the present 
invention may be applied to substrates having a variety of sizes and comprising a wide 
range of materials (including without limitation gallium arsenide, porycrystalline silicon, 
silicon carbide or the like). In fact, it is a major advantage that aspects of the present 
invention may be applied across a wide range of materials having different intrinsic 

20 emissivities. 

As in many conventional systems, wafer 502 may be rapidly heated by radiant 
energy heating sources, such as lamps 516, positioned above the wafer 502 and outside 
of the processing chamber 504. Of course, in other embodiments radiant energy heating 
sources or other heaters could be placed above or below the wafer either inside or 

25 outside of the processing chamber. Light is radiated from lamps 516 through a quartz 
window 520 onto the top surface of wafer 502 thereby heating the wafer. In the first 
embodiment, the lamps 5 16 are conventional tungsten filament lamps or arc lamps which 
radiate predominantly at low wavelengths of approximately one (1) micrometer. Of 
course other heaters, such as longer wavelength sources or resistive heaters, may be 

30 used in conjunction with the first embodiment. Radiation from lamps 516 is reflected 
within the processing chamber 504 and is also absorbed by chamber surfaces including 
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chamber walls 506, window 520 and wafer 502 as well as quartz liners (not shown) 
which may be used to protect and insulate the chamber walls. Light may be re-emitted 
from one or more of these surfaces at a variety of wavelengths, including longer 
wavelengths (greater than one and one half (1 .5) micrometers). For instance, when 

5 heated to relatively low temperatures quartz window 520 re-emits light predominantly at 
wavelengths greater than three and one half (3.5) micrometers. Although the processing 
chamber may contain emitted and reflected light across a wide spectrum of wavelengths, 
aspects of the first embodiment allow the temperature of wafer 502 to be accurately 
measured using optical pyrometry. 

10 In the first embodiment, a radiation shield 522 encloses the backside of wafer 

502 forming a region such as cavity 524 that is shielded from light radiated from lamps 
516 and light reflected off of chamber surfaces. As will be described in detail below, this 
region may be used to approximate an ideal black-body cavity radiator. An optical 
sensor 526 may be introduced into the shielded region to sample the intensity of emitted 

1 5 light in order to determine the temperature of wafer 502 using techniques of optical 
pyrometry. 

In the first embodiment, the center piece 622a of the radiation shield 522 forms a 
small aperture that allows the optical sensor 526 to sample the intensity of light within 
cavity 524. The optical sensor may actually enter the cavity through the aperture or-may 

20 be positioned outside the cavity and sample light that passes through the aperture. In 
the latter case, the aperture need not provide an opening and may simply be a small 
window transmissive to light of the wavelength used by the optical pyrometer. 
However, an aperture allowing the optical sensor to be directly exposed to light emitted 
from the wafer — without a window between the optical sensor and the wafer — is 

25 preferred to avoid interference from any deposits on the window or light emitted from 
the window. In embodiments where a window is used to sample the intensity of light 
within the cavity, the window is preferably shielded by the radiation shield or purged to 
prevent deposits from forming on the window. 

In the first embodiment, the optical sensor 526 is preferably a sapphire light pipe 

30 in a coaxial purged sheath of silicon carbide 615 although a high temperature optical 
fiber may be used instead. Although a light pipe or optical fiber is used in the first 
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embodiment, any variety of light collection, transmission and detection systems — 
including lens and mirror systems, phbtodetectors or the like — may be used in 
conjunction with aspects of the present invention. What is desired is an optical sensor 
that samples the intensity of light emitted within a shielded region. This sampling may 
5 be accomplished by collecting and transmitting light from the shielded region or by 

providing a signal corresponding to the sampled intensity. As will be readily apparent to 
those of ordinary skill in the art, the term "light" as used herein refers to electromagnetic 
radiation within the optical range and is not limited to visible light. 

In the first embodiment, radiation shield 522 preferably comprises a material that 
10 will substantially block light from entering the cavity 524, particularly at wavelengths 
that are used by the optical pyrometer to determine temperature (which for the first 
embodiment are wavelengths less than three and one half (3.5) micrometers and are 
preferably in the range of eight tenths (.8) to one and two tenths (1.2) micrometers). In 
addition, it is desirable to use a material for radiation shield 522 that has thermal 
1 5 properties similar to wafer 502. In particular, it is desirable to use a material capable of 
reaching substantial thermal equilibrium with wafer 502 within a short period of time 
relative to the period of time used for the processing steps. In particular, silicon 
composite materials may provide advantages when used for the radiation shield. In the 
first embodiment, the radiation shield comprises silicon carbide, although other materials 
20 such as graphite, silicon carbide coated graphite, silicon, and polycrystalline silicon may 
also be used. Silicon carbide has advantageous thermal properties and will not 
contaminate wafer 502 under most conditions. Silicon carbide has an intrinsic emissivity 
of approximately nine tenths (.9) at most processing temperatures. 

In the first embodiment, the radiation shield 522 also has a thickness over most 
25 of its area that is within a factor of three (3) of the thickness of wafer 502. In particular, 
radiation shield 522 has a thickness of approximately fifty thousandths (.050) of an inch 
over most of its area in the first embodiment. Since radiation shield 522 has thermal 
properties similar to wafer 502 and a thickness on the order of the wafer thickness in the 
first embodiment, the radiation shield 522 heats up and attains thermal equilibrium 
30 within a time period substantially equal to the time required to heat wafer 502 to a 
desired processing temperature. Preferably, the temperature ramp up and ramp down 


WO 96/37763 


-18- 


PCI7US96/06627 


time for radiation shield 522 should not lag the temperature ramp up and ramp down for 
wafer 502 by more than a short period of time that is substantially less than the period of 
time desired for processing wafer 502 at a given processing temperature (i.e. less than 
one tenth (. 1 ) the period of time for the processing step). 
5 In the first embodiment, radiation shield 522 is assembled from five substantially 

annular or cylindrical pieces of silicon carbide, labeled 622a, 622b, 622c, 622d and 622e 
in Figures 6A and 6B, although it will be readily apparent to those of ordinary skill in the 
art that a wide range of configurations may be used for the radiation shield. What is 
desired in the first embodiment is a radiation shield that substantially prevents reflected 

1 0 light within the processing chamber from interfering with optical sensor 526. In the first 
embodiment, a center piece 622a is disposed radially about the optical sensor 526, and is 
supported by a quartz center support 619. The center piece 622a, center support 619, 
and optical sensor 526 are stationary in the first embodiment during processing; 
however, center piece 622a, center support 619, and optical sensor 526 may be raised 

1 5 and lowered as a unit to raise and lower wafer 502 for loading and unloading. Center 
piece 622a, center support 619, and optical sensor 526 may be raised approximately one 
half (.5) inch above the outer portion 622e of the radiation shield. Wafer 502 may be 
loaded into the processing chamber 504 through a conventional load lock mechanism 
(not shown) through passage 512 and placed on the raised center piece 622a. The 

20 center piece 622a is then lowered which causes the wafer 502 to be placed as shown in 
Figure 6A with edges resting on the outer piece 622e of the radiation shield. The center 
piece 622a is then lowered approximately six hundred and fifty thousandths (.650) of an 
inch below the wafer 502 into the position shown in Figure 6A for processing. 

Figure 7A is a side cross sectional view, and Figure 7B is a bottom plan view, of 

25 center piece 622a of the radiation shield. Referring to Figures 7A and 7B, the center 
piece 622a has a cylindrical sheath portion 702 that surrounds optical sensor 526 and 
rests on center support 619. The cylindrical sheath portion 702 extends approximately 
three fourths (.75) of an inch in a direction substantially perpendicular to, and away from 
wafer 502. An annular ring portion 704 extends radially outward approximately seven 

30 tenths (.7) of an inch from cylindrical sheath portion 702. The annular ring portion 704 
terminates in an outer lip 706 which is used to support wafer 502 during loading and 
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unloading. A cylindrical skirt 708 extends downward approximately one eighth (.125) 
of an inch from the middle of annular ring portion 704. This cylindrical skirt 708 fits 
within a cylindrical slot formed by channel piece 622b of the radiation shield. As shown 
in Figure 6A, the cylindrical skirt helps prevent light from entering cavity 524 while 
5 allowing pieces 622b, 622c, 622d, and 622e of the radiation shield and wafer 502 to 
rotate independently of center piece 622a, center support 619, and optical sensor 526. 

Referring to Figures 6A and 6B, channel piece 622b of the radiation shield sits 
approximately sixty thousandths (.060) of an inch below the center piece 622a during 
processing. This provides a channel 617 into cavity 524 between center piece 622a and 

10 channel piece 622b. The channel 617 is shaped with one or more ninety degree (90°) 
turns to help prevent external light from entering cavity 524. Each additional turn helps 
prevent light from reflecting into cavity 524. In the first embodiment, the channel has 
six (6) ninety degree (90°) turns. The channel 617 provides an exit path for any purge 
gases introduced into cavity 524. Even when purge gases are not used, the channel 617 

15 substantially prevents deposits from forming inside cavity 524. The reactive gases are 
depleted within the narrow channel well before entering cavity 524. The channel 617 
also allows pieces 622b, 622c, 622d, and 622e of the radiation shield and wafer 502 to 
rotate independently of center piece 622a, center support 619, and optical sensor 526. 
Channel piece 622b (and in turn pieces 622c, 622d, and 622e and wafer 502) are 

20 supported by a quartz rotating support 620. The rotating support 620 comprises three 
narrow legs as shown in Figure 6B instead of a single solid cylinder in order to reduce 
thermal insulation which might otherwise interfere with the heating of wafer 502. The 
rotating support 620 rotates during processing at approximately twenty (20) rotations 
per minute. This in turn rotates wafer 502 which helps even out any non-uniformities in 

25 heating due to uneven intensities in lamps 516. In addition, rotation helps average out 
localized backside surface roughness and temperature irregularities that might affect the 
flux density detected by optical sensor 526 (which remains stationary during processing). 
Rotation also enhances the uniformity of layers deposited on the substrate by evening 
out localized irregularities which may be caused by, among other things, uneven gas 

30 flow distribution across the substrate surface. 
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Figure 7C is a side cross sectional view, and Figure 7D is a bottom plan view, of 
channel piece 622b of the radiation shield. Referring to Figures 7C and 7D, a cylindrical 
slot 710 is formed by channel piece 622b which is shaped to receive cylindrical skirt 708 
of center piece 622a. Channel piece 622b also comprises an annular ring portion 712 

5 extending radially outward approximately four tenths (.4) of an inch from cylindrical slot 
710 and terminating in a lip 714. The lip 714 is used to hold cylindrical piece 622c of 
the radiation shield in place as shown in Figure 6A. Cylindrical piece 622c is a cylinder 
of silicon carbide approximately fifty thousandths (.050) of an inch thick and 
approximately three eighths (.375) of an inch high. Cylindrical piece 622c is used to 

10 space center piece 622a and channel piece 622b of the radiation shield farther from 
wafer 502 than the rest of the radiation shield to avoid uneven heating in the center of 
wafer 502. Since center piece 622a overlaps channel piece 622b, the radiation shield 
provides better thermal insulation in its central region. To compensate for any effect this 
may have on the heating of wafer 502, this central region is spaced farther from the 

15 wafer than the rest of the radiation shield to reduce its impact on wafer heating. The 
distance from the wafer may be adjusted as necessary to allow for substantially uniform 
wafer heating. Alternatively, the center of the radiation shield may be constructed from 
thinner pieces of silicon carbide to reduce the effect of the overlapping pieces and 
provide a more uniform thermal insulation beneath the wafer. 

20 On top of cylindrical piece 622c of the radiation shield is placed an annular ring 

piece 622d which extends radially outward substantially parallel to, and approximately 
three eighths (.125) of an inch below, wafer 502. The annular ring piece 622d has a 
width of approximately fifty thousandths (.050) of an inch. The annular ring piece 622d 
also has an inner downward lip to hold cylindrical piece 622c in place and an outer 

25 upward lip which holds the outer piece 622e of the radiation shield in place. 

The outer piece 622e of the radiation shield supports the outer edge of wafer 
502. Figure 7E is a side cross-sectional view, and Figure 7F is a bottom plan view, of 
outer piece 622e. As shown in Figures 7E and 7F, outer piece 622e has a recessed shelf 
region 716 for receiving and supporting the edge of wafer 502. Only a small portion 

30 (approximately a few millimeters) of the wafer edge rests on this shelf region 716. In 
the first embodiment, this is the only portion of the radiation shield that makes contact 
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with wafer 502 during processing. Extending downward from shelf region 716 is a 
cylindrical support portion 718 which rests on the annular ring piece 622d of the 
radiation shield as shown in Figure 6A. As shown in Figures 7E and 7F, an annular ring 
portion 720 of the outer piece 622e is elevated relative to the step portion by 
5 approximately sixty thousandths (.060) of an inch. The annular ring portion 720 extends 
radially outward from the wafer edge effectively providing a thermal extension to wafer 
502. This annular ring portion 720 provides extra thermal insulation to retain heat at the 
outer edge of wafer 502 where heat losses are the greatest due to the proximity of the 
chamber walls. Referring to Figures 6A and 6B, a resistive silicon carbide coated 
1 0 graphite peripheral heater 528 may be placed below outer piece 622e to provide 

additional heat to compensate for heat losses at the edge of wafer 502. The intensity of 
radiant energy heating sources positioned above the periphery of the wafer may also be 
increased to compensate for edge losses. However, a resistive heater provides 
advantages over many radiant energy heating sources that use linear filaments, since the 
15 resistive heater provides a uniform circumferential band of heat at a peripheral region of 
the wafer edge where heat losses are the greatest. In contrast many radiant energy 
heating sources use linear filaments which provide heat in linear segments and as a result 
are ineffective or inefficient at providing a uniform circumferential band of heat. 

Figure 8 is a side cross sectional view of an alternative embodiment of a rapid 
20 thermal processing chamber according to the present invention. Figure 8 illustrates the 
same design as Figure 6A except that a plurality of optical sensors 826, 850 and 860 are 
deployed at various radii across the wafer surface. The components in Figure 8 that 
correspond to components in Figure 6A are referenced using the same number except 
that an eight is used in the hundreds decimal place for clarity. Additional optical sensors 
25 850 and 860 are preferably optical fibers in the alternative embodiment. The optical 
fibers are relatively stiff and support themselves within the cavity. The end of each 
optical fiber is beveled to direct light from the wafer surface into the corresponding 
optical sensor from which the temperature of the wafer at a given radius may be 
determined. 

30 Only a single optical sensor is used to measure the temperature of the wafer at 

each radius since the wafer rotates and the optical sensor thereby collects light that is an 
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average of the light emitted by the wafer along the corresponding radius. The intensity 
sampled at each radius (or the temperature calculated therefrom) may then be compared 
to detect temperature differences across the wafer surface. In particular, the intensity of 
light sampled by optical sensor 850 at the wafer edge may be compared to the intensity 

5 of light sampled by optical sensor 826 at the center of the wafer. The heat provided by 
ring heater 828 may then be adjusted to compensate for any difference in temperature 
between the center and edge of wafer 802. In addition (or alternatively), the intensity of 
lamps or other radiant energy heating sources positioned above the periphery of the 
wafer may be controlled to adjust for temperature differences. See, e.g., U.S. Patent 

10 5,268,989 to Moslehi et al. ("Moslehi") which is incorporated herein by reference. A 
lamp system similar to that described in Moslehi may be used to compensate for 
temperature differences detected by optical sensors deployed in a shielded region 
according to the present invention. Two or more optical sensors may be positioned in 
the shielded region to sample the intensity of light at various positions along the wafer 

15 surface. The number of optical sensors may vary depending upon the number of 
individually controlled lamp modules or other heaters that are used. 

Figure 9 illustrates an alternative passive method for compensating for edge heat 
losses. Figure 9 illustrates the same design as Figure 6A except that the radiation shield 
provides more thermal insulation near the periphery of wafer 902 and no active 

20 peripheral heater is used. The components in Figure 9 that correspond to components in 
Figure 6A are referenced using the same number except that a nine is used in the 
hundreds decimal place for clarity. The extra thermal insulation is provided by adding 
annular rings 950 to the outer piece 922e of the radiation shield as shown in Figure 9. 
The amount of extra thermal insulation at the periphery of the wafer may be adjusted by 

25 adding annular rings as necessary to compensate for average edge losses in a particular 
reactor design. 

In each of the above embodiments, the radiation shield (522, 822 and 922) and 
the wafer (502, 802 and 902) substantially prevent light from being transmitted into the 
cavity (524, 824 and 924) at the wavelengths used for optical pyrometry. The radiation 
30 in the cavity is predominantly emitted by the wafer and radiation shield. Therefore, the 
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cavity approximates an ideal black-body cavity radiator and the temperature of the 
cavity may be determined using the equations listed in Table 1 . 


10 


15 


20 


25 


Table 1 


(1) 


L = 




exp 



(2) 


c 1 = 


e (1-a/S) +a/S 


The first equation in Table 1 is Planck's equation which defines the relationship between 
the flux density of light emitted from an object and the temperature of that object. For 
the form of Planck's equation listed in Table 1, L is the radiance of light at a given 
wavelength in w/m; A. is the wavelength of light; K is a physical constant relating to the 
shape, light transmitting properties and dimensions of the optical sensor, T is the 
temperature of an object in degrees Kelvin; e 1 is the effective (or apparent) emissivity of 
the object; C, is the first radiation constant, 0.59544 x 10" 16 w-m 2 ; and Q is the second 
radiation constant, 1.438786 x 10" 2 mK. The second equation in Table 1 is an equation 
for determining the effective emissivity, e 1 , of a cavity radiator where e is the intrinsic 
emissivity at a given temperature of the material comprising the cavity walls; S is the 
surface area of the cavity; and a is the surface area of an aperture into the cavity 
(through which the flux density of light is measured). In an ideal cavity radiator o/S 
approaches zero (e), so the effective emissivity of the cavity is one (1) regardless of the 
shape of, or materials used for, the cavity walls. In addition, an ideal cavity radiator is 
assumed to have walls of equal temperature. 

In the first embodiment, the temperature of wafer 502 is calculated based upon 
the flux density of light sampled by optical sensor 526. Optical sensor 526 has a cone of 
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vision with an angle of approximately fifty degrees (50°), so optical sensor 526 detects 
light over an area of wafer 502 as indicated at 625 in Figure 6A. Since wafer 502 is 
rotating, localized surface roughness and temperature irregularities may be averaged out 
to some degree particularly if the cone of vision for optical sensor 526 is offset slightly 
5 from the center of wafer 502. Planck's equation as shown in Table 1 (or an 
approximation based on Planck's equation) may then be used to calculate the 
temperature of wafer 502 from the measured flux density of light. Conventional optical 
pyrometry techniques may be used for this purpose. See, e.g., U.S. Patent 4,845,657 to 
Dils et al. which is incorporated herein by reference. 

1 0 During thermal equilibrium when the walls of cavity 524 (including wafer 502) 

are all at substantially the same temperature, the second equation in Table 1 may be used 
to calculate the effective emissivity which may then be used by the optical pyrometer to 
determine temperature. It is desirable to configure the cavity to have an effective 
emissivity greater than the intrinsic emissivity of the wafer for a given wavelength and 

15 processing temperature. For instance, with a silicon wafer having intrinsic emissivity of 
approximately seven tenths (.7) at a one (1.0) micrometer wavelength for most 
processing temperatures, it is desirable to configure the cavity to raise the effective 
emissivity of the cavity above nine tenths (.9). As the effective emissivity is further 
increased toward unity (Le. from .95 to .96 to .97 to .98 and above) further advantages 

20 are realized as the temperature measurement becomes less dependent on the intrinsic 

emissivity of the wafer. To achieve these advantages, it is desirable to decrease the ratio 
of the aperture area to the surface area of the cavity (a/s) to one tenth (. 1) or less. In 
the first embodiment, the aperture into the cavity 524 for measuring the flux density of 
light is a cross section of the shaft through which optical sensor 526 is introduced into 

25 cavity 524 and the area of that aperture, o, is on the order of .0039ti square inches. The 
internal surface area of the cavity as a whole, S, on the other hand is greater than twice 
the surface area of wafer 502, which for a two hundred millimeter (200 mm) wafer is 
approximately 32n square inches. Therefore, the ratio of the aperture area to the cavity 
surface area, a/S, is on the order of .0039/32 (approximately .00012) and the effective 

30 emissivity calculated from the second equation in Table 1 is close to unity and is 

substantially independent of the intrinsic emissivity, e, of the cavity walls. Therefore, the 
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calculation of wafer temperature (near thermal equilibrium) in the first embodiment is 
substantially insensitive to the intrinsic emissivity of wafer 502. Importantly, this allows 
a wide range of wafer types, materials, dopant levels and layers to be processed without 
substantially affecting the accuracy of the temperature measurement. 
5 However, the cavity 524 will deviate from ideal cavity radiator conditions 

particularly during temperature ramp up and ramp down. During temperature ramp up, 
the wafer 502 (which is exposed directly to lamp radiation) will heat up more quickly 
than radiation shield 522 (most of which is not directly exposed to lamp radiation). For 
instance, initially the flux density of light detected at the surface of wafer 502 will 

1 0 correspond to the intrinsic emissivity of wafer 502 (rather than a higher effective 

emissivity of the cavity), since radiation shield 522 may not yet be contributing to the 
emitted light at a level corresponding to the temperature of the wafer. However, even 
outside of thermal equilibrium conditions, the first embodiment is relatively free from the 
effects of complex and dynamic changes in the emissivity of wafer 502. This is 

15 accomplished in the first embodiment by choosing a wavelength for optical pyrometry at 
which the emissivity of wafer 502 is relatively stable over a range of temperatures. A 
wavelength in the range of eight tenths (.8) to one and two tenths (1.2) micrometers is 
used in the first embodiment, with a wavelength of one (1.0) micrometer being 
particularly advantageous, since the emissivity of a pure silicon wafer (and certain doped 

20 and layered silicon wafers) is relatively stable at these wavelengths. In addition, the 

transmission of pure silicon (and most other silicon and non-silicon based semiconductor 
materials) at these wavelengths is relatively low. In addition, dynamic changes in the 
emissivity of wafer 502 due to deposition of layers on the backside of wafer 502 is 
eliminated in the first embodiment, since radiation shield 522 prevents deposits from 

25 forming on the backside of wafer 502. 

Thus, it is believed that even outside of thermal equilibrium the temperature of 
wafer 502 may be accurately determined without complex dynamic dependencies upon 
the intrinsic emissivity of wafer 502. To the extent that the temperature of the radiation 
shield 522 lags the temperature of wafer 502, and therefore does not emit sufficient light 

30 to raise the effective emissivity close to unity, it is believed that a linear (or near linear) 
adjustment may be made to the temperature calculation based upon the emissivity and 
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other thermal properties of the silicon carbide radiation shield (which may be determined 
in advance). In addition, calibration light source 540 may be used to determine the 
intrinsic emissivity of the wafer before processing which may also be used to adjust the 
temperature calculation. In the first embodiment, the lag in heating of the radiation 
5 shield 522 relative to wafer 502 due to indirect exposure to lamps 5 16 is mitigated by 
heat provided by peripheral heater 528 below the radiation shield. In addition (or in 
alternative), other embodiments may use radiant energy heating sources or other heaters 
positioned below the shield to compensate for uneven heating. As described above, the 
peripheral heater also helps compensate for heat losses at the wafer edges. The need for 

1 0 adjustments to the temperature calculation will depend upon a variety of factors related 
to the particular reactor design including relative exposure of the wafer and radiation 
shield to heaters, as well as the shape, thickness and material(s) used for the radiation 
shield. However, it is anticipated that any required adjustment may be determined 
experimentally in advance rather than requiring complex dynamic adjustments based on 

1 5 direct measurements of emissivity and other conditions as are required in some 

conventional systems. A thermocouple or similar device may be used to calibrate the 
optical pyrometer and determine any necessary adjustment prior to processing. 

Although some adjustment may be necessary for temperature measurement 
during periods of non-equilibrium, accurate temperature measurement may be achieved 

20 in the first embodiment during processing steps where a steady and uniform temperature 
is desired. During these critical processing steps important advantages are realized, 
since substantial thermal equilibrium is achieved and temperature measurement becomes 
substantially insensitive to emissivity. Moreover, during periods of ramp up and ramp 
down multi-point pyrometry (as described above with reference to Figure 8) may be 

25 used to identify and compensate for undesired temperature nonuniformities even if 
absolute temperature is not calculated. Rather than calculating absolute temperature, 
the difference in the flux density of light detected by the three (or more) optical sensors 
826, 850 and 860 may be used to detect temperature differences. Peripheral heater 828, 
lamp modules, or other heaters may then be adjusted as necessary to provide more 

30 uniform heating. 
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In addition to simplifying the measurement of wafer temperature, radiation shield 
522 also prevents the undesired deposition of materials on the backside of wafer 502 
during processing. Reactive gases (or other substances) introduced into processing 
chamber 504 through inlet 508 are substantially prevented from entering cavity 524. It 
5 should be noted that RTP chemical vapor deposition may occur at a variety of pressures 
including vacuum conditions at less than twenty (20) Torr (and often less than one (1) 
Torr). In addition, any gas in cavity 524 may expand when heated. Thus, a channel 
between processing chamber 504 and cavity 524 (such as channel 617 formed between 
center piece 622a and channel piece 622b) is desired to allow pressure equalization 

10 during processing. However, channel 617 should be sufficiently narrow to prevent 
deposition from occurring within cavity 524 and should be shaped to substantially 
prevent reflected light from entering cavity 524. In the first embodiment, channel 617 
includes a plurality of turns and has a width of approximately sixty thousandths (.060) of 
an inch. This narrow channel inhibits the incidental reflection of light into the cavity and 

1 5 depletes reactive gases well before they reach the cavity. 

A purge gas, such as hydrogen, may also be introduced into cavity 524 through 
sheath 615 surrounding optical sensor 526. The purge gas exits the cavity through 
channel 617 and may help prevent deposits within the channel. However, due to the 
narrow width of channel 617 in the first embodiment, it is believed that purge gases are 

20 unnecessary for this purpose. In fact, the use of purge gas is limited in the first 

embodiment to avoid potential cooling effects within cavity 524. Only a small amount 
(on the order of 100 SCC/min.) is used to avoid deposits on optical sensor 526 from 
silicon or other material vaporized from wafer 502 during processing at low pressures 
and high temperatures (generally greater than 800°C). Typically, purge gas is not used 

25 in the first embodiment to prevent deposition from reactive gases in processing chamber 
504. Rather, radiation shield 522 and channel 617 prevent such deposits. In fact, it is 
believed that purge gases are not necessary for some processes (generally at high 
pressures and temperatures less than 800 B C). 

When purge gases are used, they may be introduced through a central support 

30 and drive mechanism which also provides the rotational drive for rotating support 620 
and the lift mechanism for center piece 622a. This central support and drive mechanism 
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will now be described with reference to Figure 10. Figure 10 is a side cross sectional 
view of a central support and drive mechanism, generally indicated at 530, according to 
the first embodiment of the present invention. The mechanism 530 is positioned below 
processing chamber 504. A stainless steel cylindrical housing cup 1002 is bolted to the 
5 underside of processing chamber 504. A hole 514 (not shown in Figure 10) is formed in 
the bottom wall of the processing chamber over the housing cup 1002. The rotating 
support 620, center support 619, sheath 615, and optical sensor 526 pass through this 
hole and into processing chamber 504 as shown in Figure 5. A seal (not shown) is 
placed between housing cup 1002 and the bottom wall of processing chamber 504 to 

10 provide a vacuum seal. 

A stainless steel rotating pedestal 1004 sits within the housing cup 1002. The 
rotating pedestal 1004 is held in place by two cylindrical bearings 1006 and 1008 which 
allow the rotating pedestal 1004 to rotate relative to the housing cup 1002. A stainless 
steel cylindrical spacer 1010 is used to facilitate the placement of bearings 1006 and 

15 1008. An upper portion of the rotating pedestal 1004 sits above bearings 1006. This 
upper portion of the rotating pedestal 1004 holds a plurality of magnets 1012 which are 
disposed in a ring radially about the upper portion of the rotating pedestal 1004. 
Attached to the top surface of the rotating pedestal 1004 is a threaded cylindrical base 
support 1014 which receives the base of the quartz rotating support 620. A thin resilient 

20 pad (not shown) placed inside base support 1014 acts as a cushion between the quartz 
rotating support 620 and the stainless steel base support 1014. The base of the rotating 
support 620 is held in place by a threaded stainless steel cover 1016 which screws onto 
cylindrical base support 1014. A rubber o-ring 1018 or other resilient cushion is placed 
between cover 1016 and the base of the rotating support 620 to hold the base of the 

25 rotating support in place without having to clamp the stainless steel cover directly 
against the quartz rotating support 620. The rubber o-ring also provides flexibility to 
allow for expansion and contraction of components. 

Around the outside of the housing cup 1002 is placed a cylindrical gear 1020. A 
cylindrical bearing 1021 is placed between the gear 1020 and the housing cup 1002 to 

30 reduce friction. Outer magnets 1022 are mounted on top of the gear 1 020 about a 

radius that is outside of, but slightly below, the ring of inner magnets 1012. The outer 
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magnets 1022 and inner magnets 1012 are magnetically coupled through housing cup 
1002. A belt (not shown) drives gear 1020 causing gear 1020 and outer magnets 1022 
to rotate about the housing cup 1002. During processing the belt is driven at a rate that 
will cause rotation at approximately twenty (20) rotations per minute. This, in turn, 
5 causes the inner assembly (which includes magnets 1012, rotating pedestal 1004, base 
support 1014, cover 1016, o-ring 1018, and rotating support 620) to rotate due to the 
magnetic coupling between inner magnets 1012 and outer magnets 1022. In addition, 
the magnetic coupling imposes a slight downward force on the inner assembly, since the 
outer magnets are slightly lower than the inner magnets. This helps hold the inner 

10 assembly in place. 

The center support 619, sheath 615, and optical sensor 526 pass through a shaft 
in the center of the inner assembly. The base of the center support 619 is clamped to a 
stainless steel elevational base support 1024. O-rings 1026 are placed between the 
center support 619 and the elevational base support 1024 to prevent the stainless steel 

15 elevational base support 1024 from clamping directly against the quartz center support 
619. The sheath 615 and optical sensor 526 are also coupled to the elevational base 
support 1024 as indicated at 1026. A bellows 1028 is clamped in place between 
elevational base support 1024 and housing cup 1002. Rubber o-rings 1030 and 1032 are 
used to hold bellows 1028 in place while allowing some flexibility for expansion and 

20 contraction of components. A pneumatic or electro-mechanical drive (not shown) is 
used to raise and lower the elevational base support 1024 in order to raise and lower 
center support 619, sheath 615, and optical sensor 526. When elevational base support 
1024 is raised, bellows 1028 contracts and when elevational base support 1024 is 
lowered, bellows 1028 expands. This elevational mechanism is used to raise and lower 

25 center piece 622a of the radiation shield in order to load and unload wafer 502 from the 
processing chamber and to prevent bellows 1028 from contracting under vacuum 
pressure. 

A purge gas, such as hydrogen, may be introduced through inlet 1034 to prevent 
reactive gases from causing deposits within mechanism 530. A purge gas may also be 
30 introduced at 1036 through the sheath 61 5 to prevent deposits on optical sensor 526. 
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A typical RTP process will now be described with reference to Figures 8 and 10. 
During rapid thermal processing, the elevational base support 1024 (and in turn center 
piece 822a) starts out in a raised position. Initially, gear 1020 (and pieces 822b, 822c, 
822d, and"822e of the radiation shield) is not rotating. A wafer 802 is placed on raised 
5 center piece 822a through a conventional load lock mechanism The elevational base 
support 1024 is then lowered, which lowers the center piece 822a and places the wafer 
edges on outer piece 822e of the radiation shield. Gear 1020 is then rotated at 
approximately twenty (20) rotations per minute which in turn causes outer piece 822e 
and wafer 802 to rotate at the same rate. For one common RTP process, the lamps 816 

10 and peripheral heater 828 are then ramped up to about eight hundred degrees Celsius 
(800 C°) over a period of about ten (10) seconds. During this ramp up period, the 
power to the peripheral heater 828 (or the lamps) may be adjusted to compensate for 
any difference in intensity detected by optical sensors 826, 850 and 860. The lamps and 
peripheral heater are then held at a level of approximately eight hundred degrees Celsius 

15 (800 °C) for about one (1) minute to allow the temperature of the system to stabilize 
before further increases in temperature. Optical sensors 826, 850 and 860 are used to 
monitor the temperature of wafer 802 during this period of time. Minor adjustments 
may be made to lamps 816 and peripheral heater 828 to maintain the wafer at this 
temperature and to adjust for any temperature nonuniformities. The temperature of 

20 wafer 802 is then gradually ramped up to a desired temperature for processing over a 
period of about one (1) minute. Typically, the wafer is heated to a temperature in the 
range of from about eight hundred degrees Celsius (800 D C) to about one thousand two 
hundred degrees Celsius (1200"C), with a temperature of one thousand one hundred 
degrees Celsius (1 100°C) being common. Optical sensors 826, 850 and 860 are used to 

25 monitor the temperature of wafer 802 and adjust for any nonuniformities during this 
period of time. A processing step, such as deposition, anneal or the like, may then be 
performed. A substance for chemical or physical vapor deposition, etching, or other 
processing may be introduced into the chamber through inlet 808 or other conventional 
mechanisms. Typically the temperature is held constant during processing. This 

30 processing step typically lasts anywhere from ten seconds to several minutes. The 
temperature is then ramped down over a period of about thirty (30) seconds. Once 
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again, optical sensors 826, 850 and 860 are used to monitor the temperature of wafer 
802 and adjust for any nonuniformhies. Normally as a wafer cools in a cold wall RTP 
chamber, there will be large heat losses at the wafer edges due to the proximity of the 
walls. In order to compensate for this effect, the temperature of peripheral heater 828 is 
5 carefully controlled based on the measurements of optical sensors 826, 850 and 860. 
Even after the power to the lamps 816 and ring heater 828 has been shut off, the wafer 
may be left in place for a short period of time. During this period of time, the thermal 
insulation provided by the peripheral heater 828 continues to compensate for edge heat 
losses which allows for more uniform cooling. At this point, the rotation of gear 1020 

10 and wafer 802 may be discontinued. The elevational base support 1024 is then raised, 
which raises the center piece 822a and wafer 802. The wafer is then removed through a 
conventional load lock mechanism. The wafer may continue to cool at a different 
location while another wafer is loaded into chamber 804 for processing. It will be 
readily understood that the above description of a typical RTP process is exemplary 

15 only, and that any variety of time periods, temperatures, and steps may be used for 
processing. 

The foregoing description is presented to enable any person skilled in the art to 
make and use the invention. Descriptions of specific designs are provided only as 
examples. Various modifications to the preferred embodiment will be readily apparent 
20 to those skilled in the art, and the generic principles defined herein may be applied to 
other embodiments and applications without departing from the spirit and scope of the 
invention. Thus, the present invention is not intended to be limited to the embodiments 
shown, but is to be accorded the widest scope consistent with the principles and features 
disclosed herein. 

25 For instance, it will be readily apparent to those of ordinary skill in the art that 

aspects of the present invention may be applied in any variety of semiconductor 
substrate processing systems using a wide range of heaters, reactive gases, pressures and 
temperatures. For example, while particular advantages are realized when using aspects 
of the invention in a radiant energy heating source RTP system, aspects of the invention 

30 may be applied to systems using other heaters, including without limitation contact or 
proximity resistive heaters or reflection or diffusion radiant energy heating systems. 
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Moreover, under certain circumstances a shielded region providing an effective 
black-body cavity may be provided adjacent to only a portion of a semiconductor 
substrate rather than across the entire substrate surface. A shielded region may also be 
provided by a shield that does not contact or entirely enclose a substrate surface. For 
5 instance, a shield may be closely spaced to .the substrate with gaps or channels formed 
between the shielded region and the processing chamber. Although the gaps or channels 
may not contain turns as in the first embodiment, most light from the processing 
chamber may be required to follow a path with multiple reflections before reaching an 
optical sensor in the shielded region. Thus, even with openings to the processing 

10 chamber, a shield may be used to substantially prevent extrinsic light from interfering 
with an optical sensor. 

In addition, the interior surface of the radiation shield could be provided with a 
reflective finish or coated with a reflective material in order to create a reflective cavity 
with an effective emissivity approaching unity. It is believed that such a reflective cavity 

1 5 will provide results superior to conventional reflective cavities due to the small aperture 
size, isolation of the cavity from chamber walls, and isolation of the cavity from external 
sources of light. However, a reflective cavity approach is expected to be more 
expensive than the approach of the first embodiment while potentially exposing the 
wafer to localized reflective hot spots and contaminants from mirrored surfaces. In 

20 addition, the reflective surfaces may require regular cleaning to maintain a high level of 
reflectivity. Other coatings may also be used on the radiation shield to improve thermal 
properties. For instance, in certain embodiments it may be useful to coat the interior 
surface of the radiation shield with a material (such as silicon or gallium arsenide) that 
has properties similar to the semiconductor substrate. For certain radiation shields this 

25 may reduce the risk of contaminating the substrate and may cause the shielded region to 
behave more like an ideal cavity radiator. 

Another modification would be to eliminate the channel which allows rotation 
and pressure equalization. The wafer could be stationary or the entire support 
mechanism could rotate. In addition, pressure equalization could be accomplished by 

30 gas provided and removed through a center support rather than through a separate 
channel. In addition, the radiation shield may comprise a variety of materials that are 
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substantially nontransmissive to light at a desired wavelength, and the radiation shield 
may be assembled from any variety of pieces or may be produced from a single piece of 
material. Further, for some processes, the reactor chamber walls may form part of the 
shield for the shielded region. A heat source, such as a resistively heated conductive 
5 block, may also form part of the shield. For instance, a semiconductor substrate may be 
placed upon a heated block which has a small recessed region forming a cavity below a 
small portion of the substrate. An optical sensor could be inserted into the cavity 
through a hole in the heated block. 

In addition, enclosing the backside of a substrate according to aspects of the 

1 0 present invention may be used to prevent backside deposition even if cavity radiation is 
not being used to calculate temperature. In such cases, the cavity shield may be 
constructed using materials having a wider range of light transmissive and thermal 
properties. For instance, a clear quartz shield could be used in conjunction with lamps 
on either side of a wafer to allow heating from both sides of the wafer while preventing 

1 S deposition on one side. 

While this invention has been described and illustrated with reference to 
particular embodiments, it will be readily apparent to those skilled in the art that the 
scope of the present invention is not limited to the disclosed embodiments but, on the 
contrary, is intended to cover numerous other modifications and equivalent 

20 arrangements which are included within the spirit and scope of the following claims. 
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CLAIMS 

1 . A thermal processing system for processing a semiconductor substrate 
within a range of processing temperatures, the processing system including an improved 
temperature control system for deterrnining thermal characteristics of the substrate based 

5 upon light intensity within a given range of wavelengths, the temperature control system 
comprising: 

a shield comprising a material substantially nontransmissive to light within the 
given range of wavelengths at the processing temperatures; 

the shield having a surface positioned relative to the substrate such that a cavity 
10 is formed between the substrate and the surface of the shield; 

the shield and the substrate substantially preventing extrinsic light within the 
given range of wavelengths from reflecting into the cavity; and 

a first optical sensor disposed for sampling the intensity of light in the cavity 
within the given range of wavelengths and for producing an output representative of said 
15 intensity. 

2. The system of claim 1, wherein the shield forms an aperture and the first 
optical sensor samples the intensity of the light in the cavity through the aperture. 

3. The system of claim 2, wherein the optical sensor passes through the 
aperture such that the optical sensor is directly exposed to light emitted from the 

20 substrate within the cavity. 

4. The system of claim 1 further comprising a processing chamber 
containing a substance for forming a deposit on the substrate; 

wherein a first surface of the substrate is exposed to the processing chamber and 
a second surface of the substrate is exposed to the cavity; 
25 and the shield substantially prevents the substance from forming a deposit on the 

second surface of the substrate. 

5. The system of claim 3, further comprising a processing chamber 
containing a substance for forming deposits on the substrate; 

wherein the shield substantially prevents the substance from forming deposits on 
30 the optical sensor. 
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6. The system of claim 1, wherein the substrate is substantially 
nontransmissive to light within the given range of wavelengths at the processing 
temperatures. 

7. The system of claim 1, wherein the given range of wavelengths is less 
5 i than three and one half (3.5) micrometers. . 

8. The system of claim 1, wherein the given range of wavelengths is within 
the range of about eight tenths (.8) to one and two tenths (1 .2) micrometers. 

9. The system of claim 1, wherein the optical sensor comprises an optically- 
transmissive fiber. 

10 10. The system of claim 1, wherein the optical sensor comprises an optically- 

transmissive light pipe. 


1 1 . The system of claim 1 , wherein the cavity has an effective emissivity at 
the processing temperatures, the substrate has an intrinsic emissivity at the processing 

1 5 temperatures, and the effective emissivity of the cavity is substantially greater than the 
intrinsic emissivity of the substrate at the processing temperatures. 

12. The system of claim 1, wherein the cavity has an effective emissivity at 
the processing temperatures that is greater than ninety sue hundredths (.96). 

13. The system of claim 1, wherein the cavity is an effective black-body with 
20 an effective emissivity of about one (1) at the processing temperatures substantially 

independently of material comprising the substrate. 

14. The system of claim 1, wherein the cavity has an effective emissivity at 
the processing temperatures, the substrate has an intrinsic emissivity at the processing 
temperatures, and the effective emissivity of the cavity is substantially independent of the 

25 intrinsic emissivity of the substrate at the processing temperatures. 

1 5. The system of claim 2, wherein the aperture and the cavity each have a 
surface area, and the surface area of the aperture is less than one tenth (. 1) of the surface 
area of the cavity. 

16. The system of claim 1, wherein the shield and the substrate each 

30 comprise a base material and the base material of the shield and the base material of the 
substrate are the same. 
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1 7. The system of claim 16, wherein the base material is silicon. 

1 8. The system of claim 1, wherein the shield comprises silicon carbide. 

19. The system of claim 1 , wherein the shield comprises graphite. 

5 20. The system of claim 1, wherein the shield comprises silicon carbide 

coated graphite. 

2 1 . The system of claim 1 , wherein the shield comprises polycrystalline 

silicon. 

22. The system of claim 1, wherein the shield provides thermal insulation for 
1 0 the substrate and the amount of the thermal insulation provided by the shield varies 

across the substrate such that the uniformity of the substrate's temperature is enhanced 
during processing. 

23. The system of claim 1, wherein the shield provides a greater amount of 
thermal insulation at a peripheral region of the substrate than in a central region of the 

IS substrate. 

24. The system of claim 1, wherein the shield has a thickness selected such 
that the shield and the substrate heat at substantially the same rate. 

25. The system of claim 1, wherein the shield and the substrate each have a 
thickness, and the thickness of the shield is within a factor of three (3) of the thickness 

20 of the substrate. 

26. The system of claim 1, wherein the surface of the shield is highly 
reflective. 

27. The system of claim 1, wherein the surface of the shield is coated with 
material that is substantially the same as material comprising the substrate. 

25 

28. The system of claim 27, wherein the surface of the shield is coated with 

silicon. 

29. The system of claim 1, further comprising a radiant energy heating source 
which radiates light to heat the substrate, wherein the light radiated by the radiant energy 

30 heating source includes light with substantial intensity within the given range of 
wavelengths. 
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30. The system of claim 1, further comprising a heater providing heat 
predominantly at a peripheral region of the substrate. 

3 1 . The system of claim 30, wherein the heater is a resistive heater positioned 
5 adjacent to a peripheral region of the substrate. 

32. The system of claim 1, further comprising at least one additional optical 
sensor disposed for sampling the intensity of light emitted in the cavity within the given 
range of wavelengths and for producing an output representative of said intensity, 
wherein the first optical sensor and the at least one additional optical sensor are each 

10 directed at a different portion of the substrate in the cavity. 

33. The system of claim 1, further comprising an optical pyrometer 
responsive to the output of the optical sensor for determining the temperature of the 
substrate as a function of the optical sensor output and for producing a control signal 
representative of said temperature. 

15 34. The system of claim 3 2, further comprising an optical pyrometer 

responsive to both the output of the first optical sensor and the output of the additional 
optical sensor for detecting a temperature difference between the different portions of 
the substrate and for producing a control signal representative of said temperature 
difference. 

20 35. The system of claim 34, further comprising a heater for heating the 

substrate and a heater control for controlling the heater, 

the heater control adjusting the heat provided by the heater to compensate for 
the detected temperature difference in response to the control signal from the optical 
pyrometer. 

25 36. The system of claim 35, wherein the heater is a resistive heater positioned 

adjacent to a peripheral region of the substrate. 

37. The system of claim 1, wherein the shield comprises at least two pieces 
separated by at least one channel. 

38. The system of claim 2, wherein: 

30 the shield comprises at least two pieces, including a rotating piece and a non- 

rotating piece; 
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the rotating piece supports the substrate and rotates the substrate during 
processing; and ' 

the non-rotating piece forms the aperture for the first optical sensor. 

39. The system of claim 38, further comprising an elevational actuator 

5 coupled to the non-rotating piece such that raising and lowering the elevational actuator 
causes the non-rotating piece to be raised and lowered. 

40. The system of claim 1, wherein the processing temperatures are greater 
than about six hundred degrees Celsius (600°C). 

10 41. The system of claim 1 , wherein the processing temperatures are within 

the range of two hundred degrees Celsius (200 D C) to six hundred degrees Celsius 
(600°C) and the given range of wavelengths is selected such that the substrate is 
substantially nontransmissive to light within the given range of wavelengths. 

42. The system of claim 1, further comprising an inlet for providing a purge 
15 gas to the cavity. 

43. The system of claim 1 further comprising a sheath for the first optical 
sensor, wherein the sheath forms a path for providing a purge gas to inhibit deposits on 
the optical sensor. 

44. A thermal processing system for processing a semiconductor substrate 
20 comprising: 

a processing chamber wherein light is radiated into the processing chamber, 

a first surface of the substrate exposed to the processing chamber for processing; 

a shield having an interior surface positioned relative to a second surface of the 
substrate such that a shielded region is formed between the second surface of the 
25 substrate and the interior surface of the shield; and 

an optical sensor disposed to sample the intensity of light emitted in the shielded 
region within a given range of wavelengths; 

wherein the shield and the substrate substantially prevent the light in the 
processing chamber from interfering with the intensity of the emitted light sampled by 
30 the optical sensor. 


WO 96/37763 PCT7US96/06627 

-39- 

45. The system of claim 44, further comprising chamber surfaces which 
radiate light within the given range of wavelengths into the processing chamber. 

46. The system of claim 45, wherein the given range of wavelengths is 
greater than one and one half (1.5) micrometers. 

5 47. The system of claim 44, further comprising a heater which radiates light 

into the processing chamber to heat the substrate wherein the light radiated by the heater 
includes light with substantial intensity within the given range of wavelengths. 

48. The system of claim 47, wherein the given range of wavelengths is less 
than three and one half (3.5) micrometers. 

10 

49. The system of claim 47, wherein the given range of wavelengths is within 
the range of about eight tenths (.8) to one and two tenths (1.2) micrometers. 

50. The system of claim 49, wherein the heater is selected from the group 
consisting of tungsten filament lamps and arc lamps. 

15 51. The system of claim 44 further comprising: 

a chamber wall forming an inlet for providing a substance into the processing 
chamber, 

wherein the substance comprises a material that forms a deposit on the first 
surface of the substrate at a processing temperature; and 
20 the shield substantially prevents the substance from forming a deposit on the 

second surface of the substrate. 

52. The system of claim 51, wherein the shield substantially encloses a 
backside surface of the substrate. 

53. The system of claim 44, wherein the shield forms at least one channel 
25 between the processing chamber and the shielded region. 

54. The system of claim 53, wherein the channel has a plurality of turns such 
that light within the given range of wavelengths is substantially prevented from reflecting 
into the shielded region from the processing chamber. 

5 5 . The reactor of claim 5 1 , wherein the shield forms at least one channel 
30 between the processing chamber and the shielded region and the channel is sufficiently 
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narrow such that the substance is substantially prevented from entering the shielded 
region. 

56. The system of claim 44, wherein the shielded region has an effective 
emissivity at a desired processing temperature, the substrate has an intrinsic emissivity at 

5 the desired processing temperature, and the effective emissivity of the shielded region is 
substantially greater than the intrinsic emissivity of the substrate at the desired 
processing temperature. 

57. The system of claim 44, wherein the shielded region provides an effective 
black-body cavity with an effective emissivity of about one (1) at a desired processing 

10 temperature substantially independently of material comprising the substrate. 

58. The system of claim 44, wherein the shielded region has an effective 
emissivity greater than ninety six hundredths (.96) at a desired processing temperature. 

59. The system of claim 44, wherein the shielded region has an effective 
emissivity at a desired processing temperature, the substrate has an intrinsic emissivity at 

15 the desired processing temperature, and the effective emissivity of the shielded region is 
substantially independent of the intrinsic emissivity of the substrate at the desired 
processing temperature. 

60. The system of claim 44, further comprising a light source coupled to the 
optical sensor such that light from the light source is selectively transmitted to, and 

20 reflected from, the second surface of the substrate. 

61 . The system of claim 60, further comprising an optical pyrometer coupled 
to the optical sensor such that the light selectively reflected from the second portion of 
the substrate is transmitted to the optical pyrometer by the optical sensor, 

whereby the reflected light may be used to determine reflectivity and emissivity 
25 of the substrate. 

62. The system of claim 44, wherein the shield is substantially 
nontransmissive to light within the given range of wavelengths at a desired processing 
temperature. 

63 . The system of claim 44, wherein the given range of wavelengths is 

30 selected such that the substrate is substantially nontransmissive to light within the given 
range of wavelengths at a desired processing temperature. 
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64. The system of claim 44, further comprising chamber walls maintained at 
temperatures substantially below the temperature of the substrate during processing. 

65. The system of claim 47, wherein the shield and the substrate are each 

5 substantially nontransmissive to light within the given range of wavelengths at a desired 
processing temperature, and the shield and the substrate substantially prevent light 
within the given range of wavelengths from reflecting into the shielded region from the 
processing chamber. 

66. The system of claim 65, further comprising an optical pyrometer wherein: 
1 0 the shield forms an aperture and the optical sensor passes through the aperture 

such that the optical sensor is directly exposed to light emitted from the second surface 
of the substrate within the given range of wavelengths; and 

the optical sensor forms an optically-transmissive path from the shielded region 
to the optical pyrometer. 
1 5 67. The system of claim 66, wherein the shielded region has an effective 

emissivity and the optical pyrometer generates a signal representative of a temperature 
of the substrate from the effective emissivity of the shielded region and the intensity of 
light sampled by the optical sensor within the given range of wavelengths. 

68. The system of claim 67, wherein the substrate has an intrinsic emissivity 
20 and the effective emissivity of the shielded region is greater than ninety six hundredths 

(.96) at the desired processing temperature substantially independently of the intrinsic 
emissivity of the substrate. 

69. The system of claim 68, further comprising chamber walls maintained at 
temperatures substantially below the desired processing temperature. 

25 70. The system of claim 68, further comprising means for detecting 

nonuniformities in temperature across the second surface of the substrate and means for 

compensating for said nonuniformities. 

71 . The system of claim 68, further comprising means for enhancing 

temperature uniformity across the substrate during processing. 
30 72. The system of claim 68, further comprising a chamber waU forming an 

inlet for providing a substance into the processing chamber; 
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wherein the substance comprises a material that forms a deposit on the first 
surface of the substrate at the desired processing temperature; 
the second surface is a backside of the substrate; and 
the shield substantially prevents the substance from forming a deposit on the 
5 backside of the substrate. 

73 . A system for processing a wafer at a desired processing temperature, the 
system comprising: 

means for heating the wafer to the desired processing temperature; 
means for shielding a portion of the wafer from extrinsic light within a given 
10 range of wavelengths; and 

means for sampling the intensity of light emitted from the shielded portion of the 
wafer within the given range of wavelengths at the desired processing temperature. 

74. The system of claim 73, further comprising means for determining the 
temperature of the wafer from the sampled intensity of emitted light. 

15 75. The system of claim 73, further comprising means for detecting 

temperature differences across the shielded portion of the wafer. 

76 . The system of claim 75, further comprising means for compensating for 
the detected temperature differences. 

77. The system of claim 73, wherein the shielded portion of the wafer has an 
20 intrinsic emissivity and an effective emissivity at the desired processing temperature, 

further comprising means for causing the effective emissivity of the shielded portion of 
the wafer to be substantially greater than the intrinsic emissivity of the shielded portion 
of the wafer. 

78 . A method for detennining the thermal characteristics of a semiconductor 
25 substrate within a processing chamber, the method comprising the steps of: 

shielding a surface of the substrate from substantially all extrinsic light from the 
processing chamber within a given range of wavelengths; 

sampling the intensity of light emitted by the surface of the substrate within the 
given range of wavelengths; and 
30 determining the thermal characteristics of the substrate as a function of the 

sampled intensity of light within the given range of wavelengths. 
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79. The method of claim 78, wherein the surface of the substrate has an 
effective emissivity of about one (1) at a desired processing temperature substantially 
independently of material comprising the substrate. 

80. The method of claim 78, wherein the surface of the substrate has an 
5 effective emissivity greater than ninety six hundredths (.96) at a desired processing 

temperature. 

8 1 . The method of claim 78, wherein the step of determining the thermal 
characteristics of the substrate further comprises the step of determining the temperature 

10 of the substrate. 

82. The method of claim 78, wherein the step of sampling the intensity of the 
light emitted by the surface of the substrate further comprises the step of sampling the 
intensity of light emitted by the surface of the substrate within the given range of 
wavelengths at a plurality of different points across the surface of the substrate. 

15 83 . The method of claim 82, wherein the step of determining the thermal 

characteristics of the substrate further comprises the step of detecting temperature 
differences across the surface of the substrate as a function of the sampled intensity from 
the different points. 

84. The method of claim 78, wherein the step of shielding the surface of the 
20 substrate further comprises the steps of: 

selecting a shield comprising a material substantially nontransmissive to light 
within the given range of wavelengths at a desired processing temperature; and 
forming a cavity between the surface of the substrate and the shield. 

85. The method of claim 84, wherein the step of sampling the intensity of the 
25 emitted light further comprises the steps of: 

forming an aperture into the cavity, and 

sampling the intensity of the emitted light through the aperture. 

86. The method of claim 85, further comprising the step of transmitting the 
sampled intensity of the emitted light to an optical pyrometer. 

30 87. A method for thermal processing of a semiconductor substrate in a 

processing chamber, the method comprising the steps of: 
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heating the substrate; 

sampling light emitted from a first surface of the substrate within a given range 
of wavelengths; 

shielding the first surface of the substrate from substantially all extrinsic light 
5 from the processing chamber within the given range of wavelengths; and 

controlling the heating to achieve a desired processing temperature as a function 
of the sampled light emitted from the first surface of the substrate. 

88. The method of claim 87, wherein the step of heating the substrate to the 
desired processing temperature further comprises rapidly heating the substrate using a 

10 radiant energy heating source. 

89. The method of claim 88, wherein the radiant energy heating source 
radiates substantial light into the processing chamber within the given range of 
wavelengths. 

90. The method of claim 87, wherein the step of sampling light emitted from 
1 5 the first surface of the substrate further comprises the step of sampling light emitted 

from a plurality of different areas across the first surface of the substrate. 

91 . The method of claim 90, further comprising the step of controlling the 
hearing process to achieve a substantially uniform substrate temperature as a function of 
the sampled light emitted from the plurality of different areas across the first surface of 

20 the substrate. 

92. The method of claim 87, further comprising the steps of: 
depositing a material on a second surface of the substrate; and 
shielding the first surface of the substrate from the material to substantially 

prevent deposits from forming on the first surface of the substrate. 


25 
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